Abstract-A model predictive-based control strategy for the quasi-Z-source inverter (qZSI) with battery for photovoltaic (PV) power conversion system is proposed in this paper. Usually, in the control of the battery-assisted qZSI, only the injected power to the grid and the maximum power point tracking of the PV are controlled. The battery charges, discharges, or floats depending on the available PV power and demanded power. Thus, a lowfrequency current ripple is generated on top of the ripple caused by the shoot through state in the second inductor L2 and the battery. In the proposed approach, the battery current is directly controlled. The power injection is fulfilled with the maximum power capture from PV panels, along with a decoupled active and reactive power control. The validity of the proposed method is proved by using a detailed simulation model, showing a no lowfrequency current ripple in both the inductor L2 and battery.
I. INTRODUCTION
HE growing effort for integration of renewable energy source (RES), is leading to the development of more efficient and compact power electronic converters. One of the most recent trends is the family of impedance-source converters. The voltage fed configurations mainly, Z-source (ZSI) and quasi-Z-source inverters (qZSI) present the advantage of high power density. This is due to the inherent network impedance that allows for a shoot-through state, which boost or buck the output voltage. It is then possible with the same converter configuration to obtain a dc-dc and dc-ac operation [1] . Moreover, the qZSI have other attractive advantages when compared to the ZSI, as it features continuous input current and lower dc voltage on capacitor C2. In addition, due to the input inductor L1, the qZSI does not require an input capacitance [2] .
One applications where these converters are proving to be successful is for PV applications. In a traditional PV system, a dc-dc converter is first employed in order to match the input voltage of the PV, into the maximum power point (MPP) voltage. This necessarily results in a double stage conversion, in which the impedance-source converters present an advantage. Specifically, the qZSI is capable of extracting a constant current from the PV panels without any extra filtering, and also reducing the switching ripple seen at the PV terminals [3] . Due to the unpredictability as well as the fluctuating solar irradiation, the integration of PV sources presents a challenge for grid operators. In its turn, battery energy storage systems (BESS) have shown the capability of mitigating such a burden [4] . The ability to control and coordinate with PV generation, BESS help to mitigate power fluctuations, maintaining a net power production to the grid. Moreover, BESS can provide ancillary services as frequency regulation, voltage support and supplemental spinning reserve [5] .
Traditionally, the integration of BESS in a PV system is possible with a bidirectional dc-dc converter. This converter operates as a charge regulator controlling the charge and discharge rate of the battery. The qZSI allows for the integration of an energy storage without the requirement of additional components. The converter is still capable to regulate the battery state-of-charge (SoC) and at the same time, control the PV output power maximizing the energy production [3] . Two main configurations to integrate the BESS into the qZSI, can be found in the literature. In [6] , is proposed to connect the battery directly to capacitor C2 of the qZSI while in [3] the battery is connected to capacitor C1. The first configuration has the drawback of a DCM operation when the battery discharges, limiting the inverter output power. The second configuration presents the advantage of a CCM operation during battery discharge but it employs a higher voltage at the battery terminals. As found in the literature, in PV fed qZSI with BESS, a low-frequency current ripple is generated on top of the ripple caused by the shoot through state in the inductor L2 and the battery as shown in [13] , [14] , and discussed in [16] .
Model-based predictive control (MPC) is gaining increased attention by the research community applied for power electronics. By allowing fast response for multivariable cases, allied with easy integration of nonlinearities and constrains grant this controllers a superior choice [7] , [8] . Moreover, when compared with the traditional linear current controls, the MPC does not present the inherent drawbacks of poor performance under grid harmonics, switching dead time and control delay of the common proportional integrators (PI) [7] .
The MPC has been proposed for numerous applications in power electronics filed. The four-main categories are grid connected converters, motor drives, inverter with LC filter and inverter with RL load [8] . Moreover, MPC has also been proposed for multilevel inverters, specially: Cascaded H-bridge (CHB) [9] , Neutral-point clamped (NPC) converters [10] and T 978-1-5386-5517-7/18/$31.00 ©2018 IEEE Modular Multilevel Converters (MMC) [11] . MPC has also been proposed for impedance source converters both ZSI and qZSI [12] . All this research demonstrates the increase attractiveness of MPC for power electronics control. Fig. 1 shows a PV fed three-phase qZSI with the second capacitor C2 paralleled to a battery. The capacitors C1 and C2, the inductors L1 and L2, and the diode D are used to form the qZSI network, that is connected to the dc-link of traditional voltage source converter (VSC). In addition to the eight possible switching states of the VSC (seven, considering the two states Fig. 2 (a) and Fig. 2(b) , respectively. The relationship between the output voltage of the Z-network and the ShT duty cycle is given by:
II. CONFIGURATION OF THE ENERGY STORED QUASI Z-SOURCE INVERTER
such as, DShT is the ShT duty cycle. The output voltage of the converter as function of the output voltage of the Z-network and the switching states is expressed as:
where, a= , vPN is the output voltage of the Z-network, vout is the output voltage of the converter, Sa1, Sb1, and Sc1 are the switching states of the switches of phase a, b, and c, respectively. By applying Kirchhoff's voltage law on the output side of the converter, the output voltage as function of filter parameters and grid voltage can be found as follows:
where, ig is the output current, vg is the grid voltage, Lf is the output filter inductance, and rf is the internal resistance of filter inductance. The PV maximum power point tracking is achieved by adjusting the duty cycle of the ShT state, whereas the injected power and the SoC of the battery are controlled through the modulation index (M).
III. PROPOSED FINITE-CONTROL-SET MPC FOR THE ENERGY STORED QUASI Z-SOURCE
In FCS-MPC, the first step is the measurement of the controlled variables, in case of qZSI, the capacitor voltage vC1, inductor current iL1, and injected current to the grid ig. The second step consists of estimating the predicted variables based on the model of the system and the instantaneous measured variables. In the α,β coordinates, the output voltage can be written as follows:
Generally, the continuous dynamic equation is converted to a discrete one using Euler's forward approximation:
where, Ts is the sampling time. By substituting Euler's forward law into (4), we get: 
In order to control the PV voltage and set it to the voltage that matches the MPP voltage, the converter during active states and during ShT state needs to be considered.
1) During active states:
From Fig. 2(a) , and by using Kirchhoff's current and voltage laws, the current through the capacitors and the voltage at the terminals of the inductors can be found as follows:
Such as vC1, vC2, iL1, iL2, rL1, and rL2 are the voltage of capacitor C1, the voltage of capacitor C2, the current through inductor L1, the current through L2, the stray resistance of the inductor L1, and the stray resistance of L2, respectively. By using Euler's law, the capacitor C1 voltage and inductor L1 current can be written in discrete time domain form as the following:
The battery current as function of the inductors current iL1,iL2 is given by:
Out of which the battery current in the next sampling instant can be obtained as:
2) During shoot through state: The current through the capacitors and the voltage at the terminals of the inductors during ShT were found similarly as follows:
From (13), the Z-network variables in the next sampling instant can be written as:
The average value of the current flowing into the capacitor Cpv is zero, which implies that the average PV current is equal to the current going through the inductor L1. Hence, the current of the PV can be regulated at the MPP current using the following cost function:
such as i pv * (t+T s ) is the predicted reference PV current, and i L1 (t+T s ) is the predicted inductor L1 current. Since the sampling time Ts is small compared to the sampling time of the references estimation loops, the predicted reference variables can be considered equal to the instantaneous reference variables.
In [13] , [14] , the battery current is controlled indirectly-the converter injects the amount of demanded power to the grid/load through the modulation index M. Subsequently, the excess of power from the PV goes to the battery, whereas in case of a deficit of power the battery compensates for it. This approach results in low-frequency ripple in both battery and inductor L2 currents as shown in [13] , [14] . Thanks to the multiobjective cost function. In the proposed method, the control of the battery current is also included, in order to eliminate the low frequency current ripple. The fourth term of the cost function is used for controlling the battery current, and is written as: where i b * (t+T s ) is the predicted reference battery current, and i b (t+T s ) is the predicted battery current. The battery reference current is calculated as:
where Pb, is the power exchanged by the battery. The battery power is defined as the difference between the desired output active power (P ref ) and the PV power:
The third step of FCS-MPC is the cost function evaluation. Contrasted to the control of the qZSI without battery, the voltage of the capacitor C1 is not controlled here, since its control may deteriorate the MPP tracking or the battery control or both. In this case, the overall cost function is given by:
where, λiαβ, λL1, and λb are the weighting factors of the terms of the output current, the inductor L1 current and the battery current, respectively. To date, there is no exact method for defining the weighting factors of the cost function [15] . PV fed qZSI with battery suffered from the fact that it can not retrieve from the battery a current higher than the PV current, which implies that the converter can not provide the active desired power when the PV power is less than P ref ×50%
. Hence, the diode of the Z-network has been replaced by an active switch SD, which allows a reverse current during low solar irradiance. The switch SD is triggered ON during all active states of the qZSI in case of low PV power as shown in Fig. 3 .
IV. SIMULATION RESULTS AND DISCUSSION
The proposed FCS-MPC for the qZSI with battery has been tested by using a detailed simulation model on MATLAB/Simulink. For comparison purpose, the control of the qZSI with battery by using the linear PI controllers has been also implemented (please see Fig. 4 ), where Constant Boost PWM (CBPWM) is the chosen modulation strategy. The parameters of the converter are listed in TABLE II. The grid frequency is the same as in Europe, 50Hz. The used PV panels have the following specifications: vmp_STC = 18.5V, Imp_STC = 10.2A, voc_STC = 22.5V, Isc_STC=10.79A. The PV string is composed of 14 PV panels in series. The MPPT used in this paper is the conventional Perturb&Observe (P&O) with variable step size to speed up the convergence time when changing the solar irradiance level . The used battery is lithiumion type, and its parameters are shown in TABLE II. Fig. 5 and Fig. 6 show the simulation results under different solar irradiance levels. From 0s to 1s, the PV generates 2.85kW, from 1s to 2s it generates 2.5kW, and from 2s to 3s it generates 2kW. The demanded active power by the grid is 2.5W.
It can been seen from the results in Fig. 5 and Fig. 6 , that during the first level, both the linear PI controllers and the proposed approach are providing a current equal to the desired current, the excess of power is stored in the battery, and the SoC of the battery is increasing. However, it can be seen from these results that when the linear PI controllers are used, a low frequency ripple is present in the inductor L2 current and subsequently, in the input current IPN, and battery current. In Fig. 5 . Simulation results of the battery assisted qZI operating using linear PI controllers under different PV power levels, (a) the drown power from the PV, (b) the output current, (c) the inductor currents of the Z network, (d) the currents of the PV and at the input of the bridge, (e) the SoC of the battery, (f) the battery current, and (g) the voltage at the input of the bridge "vPN". Fig. 6 . Simulation results of the battery assisted qZI operating using FCS-MPC under different PV power levels, (a) the drown power from the PV, (b) the output current, (c) the inductor currents of the Z network, (d) the currents of the PV and at the input of the bridge, (e) the SoC of the battery, (f) the battery current, and (g) the voltage at the input of the bridge "vPN".
iL1 iL2 iPN ipv ipv iPN Fig. 7 . The current injected to the grid when the systems is operating using linear PI controllers. Fig. 8 . The current injected to the grid when the systems is operating using FCS-MPC. contrast, the proposed approach presents only the high frequency ripple resulted by the ShT state.
One can see from Fig. 5 , that the SoC during the first level increased up to 68.9843%, whereas in Fig. 6 the SoC increased up to 68.9852%. Also during the second level, the SoC with the proposed method is fixed to 68.9851%, in contrast, the SoC with the linear controllers is slightly decreasing. It can be concluded that, the SoC is also affected by the ripple of the battery current. Please note that these differences in the SoC are minor, but they are expected to be significant during long time operation. Fig. 7 and Fig. 8 show the current injected to the grid from the qZSI with the linear PI controllers and proposed method, respectively. As can be seen from these figures, the current with the linear PI controllers has almost the same form compared to FCS-MPC. The reason behind obtaining the same harmonics content is the equivalent switching frequency when using the PI controllers to the sampling time Ts in FCS-MPC.
V. CONCLUSION
A model predictive-based control for PV fed qZSI with battery has been proposed in this paper. The modeling of the power conversion circuit was presented. In contrast to the previously published works, the battery current was directly controlled here. The low frequency ripple in the inductor L2 current as well as in the battery current were eliminated, while maintaining the high dynamics of the MPP tracking and the injected current to the grid. The simulation results confirmed the effectiveness of the proposed approach in comparison with the linear PI controllers.
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